Roxarsone is often used in livestock and poultry feed and is discharged into wastewater treatment plants after consumption. The potential toxicity of roxarsone to activated sludge in wastewater treatment plants has been attracting increasing concern. However, the acute and chronic toxicities of roxarsone to biological nutrient removal (BNR) have never been reported in the literature. In this paper, the potential effects of short-term and long-term exposure to different concentrations of roxarsone in the range of 0-120 mg L À1 on the performance of BNR were investigated. The experimental results show that shortand long-term exposure to low concentrations of roxarsone (0-30 mg L
Introduction
Recently, organoarsenic compounds such as roxarsone and arsanilic acid have been widely used as feed additives in animal husbandry because organoarsenic compounds have the advantages of improving livestock resistance to disease, improving feed conversion rate, and promoting animal growth. 1, 2 In China, the amount of organoarsenic additives used is huge; it was reported that the arsenic content in chicken manure can be as high as 21.6 mg kg À1 , and its content in pig manure can reach 83.9 mg kg À1 .
3 Roxarsone (4-hydroxy-3-nitrobenzenearsonic acid), a commonly used animal feed additive, contains as ion and organic functional groups. Roxarsone is widely used in the broiler production industry at levels of 20-50 mg kg À1 . 4, 5 Livestock and poultry can not digest roxarsone, and it is excreted unchanged in manure. 6 The widespread use of organoarsenic additives will eventually result in the additives entering into environmental water bodies through runoff and animal wastewater, causing severe environmental risks. 6 The activated sludge process is one of the most widely used techniques in wastewater treatment plants (WWTPs) to remove nutrients via aggregation, settling, precipitation, biosorption, degradation, and other processes. [7] [8] [9] Currently, in China, the main function of WWTPs is to remove excess nitrogen and phosphorus from water using functional microorganisms such as nitrifying bacteria, denitrifying bacteria and phosphorusaccumulating organisms (PAOs). 10, 11 Roxarsone in livestock and poultry wastewater enters WWTPs, where it affects the performance of biological nitrogen and phosphorus removal. Previous studies on the impacts of roxarsone on bioreactor performance mostly concentrated on pure-medium or singleoperating mode. For example, Chen (2007) investigated the effect of roxarsone on microbial activities in soil and revealed that the presence of roxarsone seriously inhibited the processes of ammonication and nitrication. 12 A recent study showed that roxarsone had a signicant inhibitory effect on the removal of chemical oxygen demand (COD), anaerobic phosphate release and aerobic phosphorus uptake when the concentration of roxarsone was more than 40 mg L À1 in the enhanced biological phosphorus removal (BPR) process. 1 Liu et al. (2014) reported the fate of roxarsone during the biological nitrogen removal process in a wastewater treatment system and found negligible roxarsone removal during the biological nitrogen removal process; this result was attributed to the emergence of a small amount of 3-amino-4-hydroxyphenylarsonic acid (HAPA) and inorganic arsenic. 6 Although some efforts have been devoted to the effect of roxarsone on biological nitrogen or phosphate removal in wastewater systems, these investigations were all one-dimensional studies. In fact, the removal of organic matter, BNR and BPR should be considered simultaneously in a real WWTP. However, the chronic and acute impacts of roxarsone on biological nutrient removal (BNR) have rarely been explored until now. In addition, the effects of roxarsone on the biochemical metabolism of substances, the activities of key enzymes, and the relative abundance of microbes are scarcely documented in the literature.
The aim of this paper is to systematically evaluate the potential acute and chronic toxicities of roxarsone on the performance of BNR and the associated mechanism. First, the short-term and long-term effects of roxarsone on BNR performance were investigated. Second, the details of how roxarsone affects BNR were investigated from the aspects of changes in nutrients during one cycle, production and degradation of intracellular polymers, and the surface integrity of activated sludge. Third, the activities of key enzymes responsible for biological nitrogen and phosphorus removal were compared in the presence of different concentrations of roxarsone. Finally, the relative abundances of functional microorganisms [PAOs, glycogen-accumulating organisms (GAOs), ammonia-oxidizing bacteria (AOB), and nitrite-oxidizing bacteria (NOB)] at different roxarsone concentrations were compared. The ndings obtained in this work might provide insights into the potential impacts of roxarsone on BNR and provide some guidance for the treatment of wastewater containing roxarsone in real situations.
Materials and methods

Synthetic wastewater and inoculated sludge
Synthetic wastewater was used in this work. Acetate and propionate are the main carbon sources in WWTP inuent; thus, this study used sodium acetate and sodium propionate as carbon sources, and the initial COD concentration was maintained at 300 AE 10 mg L
À1
. NH 4 In this experiment, the inoculated sludge used was taken from the bioreactor of a local WWTP in Haikou, Hainan province. The inoculated sludge was rst pre-cultured with synthetic wastewater at 20 C; the concentration of mixed liquid-suspended solids in the wastewater was maintained at 2500 AE 50 mg L
, and the pH was controlled at 7.0 AE 0.5 using an autotitrator.
Short-term effect of roxarsone on BNR performance
In this work, ve 10.0 L sequencing batch reactors (SBRs) were used to assess the potential impact of roxarsone on BNR performance. The SBRs were operated for three cycles per day, and each cycle lasted 8 h (90 min anaerobic phase + 150 min oxic phase + 120 min anoxic phase + 30 min settling and decanting + 90 min idle period). Aer the settling phase, 6.6 L of supernatant was discharged and replaced with the same volume of synthetic feeding medium, resulting in a hydraulic retention time of 12 h. At the same time, 0.625 L of slurry mixture was discharged at the end of the oxic stage but before the anoxic phase to control the sludge retention time to 16 d. Despite the relatively high roxarsone concentration in animal wastewater, limited information is available on roxarsone in the wastewater treatment process. The actual roxarsone concentration in animal wastewater has rarely been reported. Liu et al. (2014) used 80 mg L À1 roxarsone to explore the toxic effects of roxarsone on microorganisms. 6 Based on the reference, the concentration of roxarsone increased properly because of the extensive production and use of roxarsone. Thus, different doses of roxarsone were added to the SBRs at the initial stage of anaerobic treatment to control the concentration of roxarsone to 30, 60, 90, and 120 mg L
À1
. One SBR without roxarsone served as the control experiment. During the anaerobic and anoxic phases, the sludge and roxarsone were mixed with a mixer at a speed of 120 rpm to allow full exposure. Triplicate samples were taken from each reactor at different stages for measurement.
Long-term effect of roxarsone on BNR performance
To investigate the long-term effects of the presence of roxarsone on BNR performance, ve 10.0 L SBR experiments were conducted. The operating mode of the reactor was similar to that described in Section 2.2. The reactors were continuously operated for 120 d, and the effluent was monitored daily. When the reactor was stable, the changes in phosphate, nitrate nitrogen, nitrite nitrogen, organic matter, intracellular polymers [polyhydroxyalkanoate (PHA) and glycogen], lactate dehydrogenase (LDH) release, reactive oxygen species (ROS), and the activities of key enzymes were detected to reect the long-term impact of roxarsone on BNR. 
Chemical and biological analysis
Samples taken were immediately ltered through a 0.45 mm cellulose nitrate membrane, and the ltrate was used to monitor NH 4 + -N, NO 3 À -N, NO 2 À -N, PO 4 3À -P, and COD. The sludge was used for the determination of PHA and glycogen. Determinations of total suspended solids (TSS), volatile suspended solids (VSS), NH 4 + -N,
and COD content were performed according to the standard methods. 13 Total nitrogen was detected using an alkaline potassium persulfate digestion UV spectrophotometric method.
PHA was calculated as the sum of poly-b-hydroxybutyrate, poly-3-hydroxyvalerate and poly-3-hydroxy-2-methylvalerate, and PHA was determined by gas chromatography; the detailed methods of determination are described in the literature.
7
Glycogen was detected using the phenol sulfuric acid method.
16
Exopolyphosphatase (PPX) and polyphosphate kinase (PPK) are closely related to BPR and are responsible for anaerobic phosphorus release and phosphorus uptake. 17, 18 The analyses of PPX and PPK are described in the literature. 19 The integrity of the cell membrane was determined using a cytotoxicity detection kit (LDH release assay) according to the literature.
20
ROS production was measured by an established uores-cence assay. 20 The cell membrane integrity and cell viability of activated sludge were respectively measured by a cytotoxicity detection kit (LDH release assay; Roche Molecular Biochemicals) and a cell counting kit-8 (cell proliferation assay; Dojindo) according to the manufacturer's instructions. 20 Ammonia monooxygenase (AMO), nitrite oxidoreductase (NOR), nitrate reductase (NR) and nitrite reductase (NIR) are the key enzymes in the BNR process, and their detailed testing methods are described in the literature.
Fluorescence in situ hybridization (FISH) was used to quantify the relative abundances of PAO and GAO in the presence of roxarsone; detailed analysis procedures can be found in the literature.
18 Briey, the sludge samples were treated with 4% formaldehyde in the later stage of the anaerobic reactor and then xed for 20 h to improve the penetration of the oligonucleotide probe. Cell samples were attached to poly-L-lysinecoated slides and dehydrated with ethanol. Subsequent hybridization and lotion procedures were the same as those in the references. Quantitative analysis of FISH was conducted using Image-pro Plus 7.0 Soware.
Statistical analysis
All experiments were repeated three times. Analysis of variance was employed to evaluate the signicance of results, and p < 0.05 was considered to be statistically signicant.
Results and discussion
Acute effect of roxarsone on BNR
Microbial responses to changes in the external environment can reect microbial adaptability. Fig. 1 shows the acute effect of roxarsone on BNR. As shown in Fig. 1 , the removal efficiencies for COD, PO 4 3À -P and TN in the control were 92.4%, 89.7% and 85.6%, respectively. When the roxarsone concentration was 30 mg L À1 , the removal efficiencies for COD, PO 4 3À -P and TN were almost unaffected. However, the removal efficiencies for COD, PO 4 3À -P, and TN were greatly affected when the concentration of roxarsone was above 60 mg L
À1
; the removal efficiencies for COD, PO 4 3À -P, and TN decreased from 86.5%, 78.8% and 82.6% to 75.6%, 68.8%, and 62.8%, respectively. These experimental results clearly show that the effect of roxarsone on BNR was dose-dependent. The effect of a low dosage of roxarsone on BNR was not obvious, whereas high levels of roxarsone seriously inhibited BNR efficiency.
As the actual operation of a WWTP is long-term, it is necessary to explore the long-term impact of roxarsone on BNR performance. As shown in Table 1 , the levels of nutrients in the effluent were similar for low concentrations of roxarsone (e.g., 0 and 30 mg L À1 ). However, when the roxarsone concentration was high, the concentration of nutrient in the effluent greatly increased, suggesting that the BNR efficiency was seriously inhibited. For instance, the levels of NO . The decrease in VSS/TSS implied that the content of organic matter in the reaction system decreased, and the amount of microorganisms in the sludge decreased. [21] [22] [23] [24] [25] The above experimental data indicate that the presence of high concentrations of roxarsone gave severely inhibited BNR, whereas low concentrations of roxarsone did not signicantly impact BNR performance.
To clarify the mechanism of how roxarsone affects the removal of nitrogen and phosphorus is of great signicance for the treatment of wastewater containing roxarsone. Therefore, in the following section, we focus on how roxarsone affects BNR performance from the aspects of intermediate metabolite changes, key enzyme activities, and the surface integrity of sludge.
Effects of roxarsone on the conversion of metabolic intermediates in the BNR process
The investigation of the transformation of intermediate products in microbial metabolism is helpful to understand the effects of , respectively, at the end of the anaerobic phase. The experimental results indicated that the low concentration of roxarsone had little effect on anaerobic phosphorus release. However, when the roxarsone concentration was 120 mg L
À1
, the concentration of PO 4
3À
-P at the end of the anaerobic phase was only 44.8 mg L
À1
, much lower than that in the blank and the group with a roxarsone concentration of 30 mg L
. In the subsequent oxic phase, PAOs cultured in the sludge assimilated excessive phosphorus to achieve phosphate removal. The aerobic uptakes of phosphorus in the blank group and the group containing 30 mg L À1 roxarsone were 58.7 and 52.8 mg
, respectively; however, the aerobic phosphorus uptake in the group containing 120 mg L À1 roxarsone was only 36.4 mg L
, which was about 0.62 times that of the blank. The decreased aerobic phosphorus uptake led to an increased water phosphorus content, thereby causing phosphorus system collapse. These data clearly suggest that the presence of a high concentration of roxarsone inhibited anaerobic P release and aerobic P uptake. Table 1 . Ammonia is rst oxidized to nitrite by AOB and then further oxidized to nitrate by NOB; nally, nitrate and nitrite are reduced to N 2 via denitrication during the subsequent anoxic phase. [26] [27] [28] The effects of a low concentration of roxarsone on the activities of AOB and NOB were not obvious; the highest concentrations of NO 2 -N and NO 3 À -N in the presence of 30 mg L , respectively, similar to those in the blank. However, the highest levels of NO 2 -N and NO 3 À -N in the presence of 120 mg L À1 roxarsone were 8.12 and 12.28 mg L À1 , respectively, much higher than those in blank, suggesting that presence of a high concentration of roxarsone signicantly inhibited the nitrication and denitrication steps. The inhibitory effect of roxarsone on nitrication was less than that on denitrication, and this result was similar to that of the pollutant Cd(II) on biological denitrication reported in the literature. 29 This might be attributed to the fact that the toxic effects of contaminants on nitrifying bacteria are weaker than the toxic effects on denitrifying bacteria. 30 Nitrite can produce free nitrite acid (FNA) in water, which has serious toxic effects on microbial metabolism, and the concentration of FNA is directly proportional to the concentration of nitrite. 8, 31, 32 A high concentration of FNA resulting from a high concentration of roxarsone would lead to the deterioration or even collapse of BNR. The facts described above indicate that high levels of roxarsone have a negative effect on phosphorus release and uptake, nitrication and denitrication.
The supply and consumption of energy is an important factor affecting nitrogen and phosphorus removal. 33 Nitrication is an autotrophic process; however, the microorganisms involved in the biological denitrication process are heterotrophic bacteria, which require electron donors to provide electrons to drive the denitrication process. 34 In the process of BPR, PAOs can absorb the available carbon sources in the water and synthesize PHA under anaerobic conditions. At the same time, the polyphosphate in microbial cells is degraded for energy production, releasing a large amount of phosphate. Glycogen is also degraded to provide reducing power under anaerobic conditions. In the subsequent aerobic or anoxic phase, the PHA synthesized in the anaerobic period is degraded to produce energy for aerobic phosphorus uptake, glycogen replenishment and microbial growth. 35 Meanwhile, denitrifying bacteria in the anoxic phase also need energy for denitrication, and this energy can also be derived from the degradation of PHA. Fig. 3 displays the variations in intracellular polymers during a single cycle at different levels of roxarsone. It was found that inuent COD was consumed rapidly, and the removal efficiency of COD when the concentration of roxarsone was 30 mg L À1 was similar compared to that in the control. However, when the concentration of roxarsone was increased to 120 mg L
, the consumption of COD was severely inhibited, and the resultant concentration of COD in the effluent was more than 100 mg L À1 . PHA was synthesized in the anaerobic phase and decomposed in the subsequent aerobic and/or anoxic periods. The maximum amount of PHA in the blank was 3.8 mmol-C g À1 VSS, and the maximum amount of PHA was 3.7 mmol-C g À1 VSS when the concentration of roxarsone was 30 mg L
. There was no signi-cant difference in the amount of PHA synthesized (p > 0.05), indicating that the low concentration of roxarsone had little inhibitory effect on the synthesis of PHA (Table S1 †) . However, when the concentration of roxarsone was 120 mg L
, the synthesis of PHA was only 2.8 mmol-C g À1 VSS, which was about 0.73 times that in the control. These experimental results clearly showed that the high concentration of roxarsone seriously inhibited the synthesis of PHA. The reduction in the synthesis of PHA resulted in less energy consumption in subsequent oxic or anoxic stages, limiting the processes of aerobic phosphorus uptake and denitrication. On the other hand, glycogen is also an important energy storage material in cells. Under anaerobic conditions, glycogen was degraded to produce reducing power for the synthesis of PHA. During the subsequent aerobic conditions, glycogen was replenished by the consumption of PHA. The lowest concentration of glycogen in the blank was 2.5 mmol-C g À1 VSS. When the concentration of roxarsone increased to 120 mg L
, the lowest content of glycogen decreased to 2.09 mmol-C g À1 VSS, implying that the high concentration of roxarsone decreased the content of glycogen. It is well known that there are two kinds of microorganisms, PAOs and GAOs, in the BRP system, and glycogen is the main carbon source. GAOs are microorganisms that can compete with PAOs for the limited carbon source while making no contribution to BPR. The synthesis and degradation of glycogen is mainly associated with the activities of GAOs, and a higher transformation of glycogen corresponds to higher GAO metabolism. 36 A high transformation of glycogen was observed when the concentration of roxarsone was high (120 mg L À1 ), indicating that the relative abundance of GAO in the reactor was large. The high abundance of GAOs was also one of the reasons for the decrease in phosphorus removal efficiency when the concentration of roxarsone was high.
Effects of roxarsone on the activities of key enzymes and the microbial community during the BNR process
The removal of nitrogen and phosphorus from wastewater is regulated by biological processes, which are dominated by many key enzymes. 18, 22 The release of anaerobic phosphate and the absorption of phosphate are closely related to the activities of PPX and PPK, respectively. 19, 20 In contrast, the BNR process mainly depends on the activities of AMO, NOR, NR and NIR.
37 Table 2 summarizes the effects of different levels of roxarsone on the activities of key enzymes responsible for BNR and BPR. As shown in Table 2 , when the level of roxarsone was 30 mg L À1 , the activities of the key enzymes were similar to those in the control, and these results were consistent with Table 1 and Fig. 2 . However, when the concentration of roxarsone increased to 120 mg L À1 , the enzyme activities were severely inhibited. For example, the respective activities of PPX and PPK were 0.015 and 0.189 mmol NADPH/(min mg protein), much lower than those in the control. The decreases in the activities of PPX and PPK indicated that the amounts of anaerobic phosphorus release and P uptake decreased, which led to the decrease in BPR. This was consistent with the variation in phosphate in a typical cycle (Fig. 2) . Similar experimental results were also found for the activities of key enzymes responsible for the processes of nitrication and denitrication. It was found that the ROS produced by exogenous substances was capable of inhibiting the key enzymes involved in BNR. 38, 39 Fig . 4 shows the effect of roxarsone on intracellular ROS production. As shown in Fig. 4 , ROS production increased with increasing roxarsone concentration. When the level of roxarsone was 120 mg L À1 , the intracellular ROS production was 195% that in the control. High levels of ROS production may signicantly inhibit cell membrane or cytoplasmic proteins.
40,41
The high level of intracellular ROS production induced by the high concentration of roxarsone also explains the deterioration of biological nitrogen and phosphorus removal. The effect of roxarsone on the release of LDH was further studied, and the results are displayed in Fig. 5 . There was no measured difference in the release of LDH under different concentrations of roxarsone, which suggested that the ROS produced in this experiment did not damage the sludge microbial cell membrane.
The identication of the microbial community is helpful to understand the effect of exogenous pollutants on biological nitrogen and phosphorus removal. Table 3 
Assessing the impact of roxarsone on BNR in a livestock and poultry breeding wastewater treatment station
The effect of roxarsone on BNR performance was studied in a livestock and poultry breeding wastewater treatment station. As shown in Fig. S1 , † the presence of roxarsone in livestock and poultry breeding wastewater had a serious inhibitory effect on nutrient removal. The removal efficiencies of COD, NH 4 + -N, TN and TP were only 78.6%, 86%, 76%, and 69%, respectively. The above experimental results are similar to those shown in Table 2 obtained from the laboratory-scale experiment. The removal efficiency of total nitrogen and total phosphorus indicated a deterioration of waterbody, which in turn threatened the ecological environment. The impact of roxarsone on nutrient removal in pilot-scale WWTPs will be the focus of our research in the future.
Conclusion
In this work, the short-term and long-term exposure to low concentrations of roxarsone had no inuence on BNR, while high concentrations of roxarsone (e.g., 120 mg L À1 ) seriously inhibited BNR performance. Mechanistic investigation revealed that high concentrations of roxarsone can reduce the yield of intracellular PHA while promoting glycogen metabolism. In addition, the high concentration of roxarsone was capable of inhibiting the activities of the key enzymes responsible for BNR, leading to increases in nitrogen and phosphorus in the effluent. Identication of the microbial community showed that when the roxarsone concentration was 120 mg L À1 , the relative abundances of PAO, AOB and NOB were 10.3%, 14.8% and 15.2%, respectively, much lower than those in the control. In contrast, the relative abundance of GAOs (18.4%) was higher than in the control. The experimental results were consistent with the levels of nitrogen and phosphorus in the effluent. 
